Accelerated gastric emptying (including dumping syndrome) occurs frequently after gastric resections, largely resulting from rapid entry of meal contents into the small intestine. The authors hypothesized that an ileocecal segment used as an interpositional graft placed between the remaining part of the stomach and the small intestine would slow down food transit and thus replace pyloric function.
Objectives
Accelerated gastric emptying (including dumping syndrome) occurs frequently after gastric resections, largely resulting from rapid entry of meal contents into the small intestine. The authors hypothesized that an ileocecal segment used as an interpositional graft placed between the remaining part of the stomach and the small intestine would slow down food transit and thus replace pyloric function.
Methods
Thirty Gö ttingen minipigs were randomized into three groups. Group 1: partial gastrectomy and Roux-en-Y reconstruction; Group 2: partial gastrectomy and ileocecal interpositional graft; and Group 3: sham laparotomy. Gastric emptying in the nonsedated animals was quantified using radioscintigraphy at 3 and 6 months postoperatively. The animals ingested 300 grams of soft food containing 99mTc labeled resin-pellets using a technique previously described. Data were analyzed using ANOVA.
Results
Three months postoperatively, the ileocecal group had a significantly prolonged gastric emptying time compared with the Roux-en-Y group, but gastric emptying time was also significantly faster compared to the control group (sham laparotomy). After 6 months no significant difference was seen between the ileocecal group and the controls, while emptying rates were still significantly faster in the Roux-en-Y group.
Conclusions
Reconstruction of the gastric reservoir with an ileocecal segment largely restores gastric emptying patterns of food in minipigs. Six months postoperatively, gastric emptying time is similar to that of controls, and significantly slower when compared with the group with Roux-en-Y reconstruction. These results suggest that the ileocecal interposition graft could offer specific advantages over current reconstruction procedures.
Despite decreasing numbers of resection procedures for peptic ulcer disease, partial gastrectomy remains a standard operation for distal gastric carcinoma and peptic ulcer complications. The standard reconstruction procedure following a partial gastric resection is the Billroth I (gastro-duodenostomy), the Roux-en Y, or the Billroth II reconstruction, with an antecolic gastro-jejunostomy (Omega loop) and entero-enterostomy (Braun anastomosis). Patients undergoing this type of surgery frequently experience intestinogastric reflux (alkaline), a decreased appetite, and food intake with subsequent weight loss. Dumping may occur in any patient whose pylorus has been rendered nonfunctional, 1,2 due to accelerated gastric emptying rates. In the case of a Billroth II or Roux-en-Y reconstruction the duodenal passage is bypassed. The consequences are delayed gastrointestinal transit, metabolic disorders, and malabsorption. Long-term intestinoesophageal reflux (alkaline) may induce esophageal adenocarcinoma. [3] [4] [5] Anastomotic ulceration may occur after Billroth I and II procedures. To overcome these complications associated with the loss of the pyloric sphincter 6 after distal gastrectomy, we used the ileocecal/colon ascendens segment as a pylorus/distal stomach replacement, and compared this new method with the standard Roux-en-Y reconstruction. The purpose of this experimental study in Göttingen minipigs was to prove that the ileocecal valve can replace the pyloric sphincter, and to investigate whether the ileocecal valve in its new position could serve as a sphincter to delay the transit of gastric content into the duodenum, preventing duodenogastric reflux.
MATERIALS AND METHODS

Animals
The study protocol was approved by the University Committee on Ethics in Animal Research, and by the Department of Veterinary Medicine of the University of Basel (Protocol No. 1598). A pilot study on four Göttingen minipigs was used to establish the operative technique and the methods of postoperative assessment. The definitive study was then performed on 30 microbiologically defined male Göttingen minipigs (bred at the full barrier facility in Dalmose #), with a mean weight of 20.8 kg (range, 16 -25.6 kg) and a mean age of 293 days (range, 231-362 days). The Göttingen minipigs were monitored for the presence of 31 viral, parasitic, bacterial and fungal pathogens. 7 In two sessions per week, the minipigs were trained to stand quietly in a sling specially designed to keep the conscious pig comfortably in the erect posture. The objective was to perform all the postoperative experiments regarding gastrointestinal motility (gastric emptying studies and glucose tolerance tests) without anesthesia sedation.
Experimental Group
The minipigs were randomly assigned to one of three groups: 1) partial gastrectomy and Roux-en-Y reconstruction (n ϭ 10, mean weight 20.15 kg, mean age 284 days); 2) partial gastrectomy and ileocolic interposition graft (n ϭ 10, mean weight 20.8 kg, mean age 284 days); and 3) control group (n ϭ 10, mean weight 21.44 kg, mean age 298 days, only laparotomy ϭ sham operation) ( Fig. 1 ). The same surgeon performed all 30 operations (Jürg Metzger, MD). Drawing lots decided the type of operation on the day before the procedure.
Animal Preparation and Anesthesia
The pigs were not fed for 12 hours before surgery, but had free access to water. They were premedicated by intramuscular injection of ketamine (20 mg/kg), climazolam (1 mg/kg), and atropine (0.5 mg), and were placed in the supine position. Preoxygenation was performed with an oxygen mask while an ear vein was catheterized. The abdomen was shaved, disinfected with povidone-iodine, and draped. All pigs received an antibiotic prophylaxis with 150'000 IU benzylpenicillin (Norbrook Laboratories) intramuscularly. This injection was repeated on the fourth postoperative day. After induction of anesthesia with propofol (2-3 mg/kg) and intubation with a 7.5 mm Mallinckrodt tube, an incision was made on the inner aspect of the right thigh. An arterial catheter for intraoperative blood pressure measurements was inserted using the open Seldinger technique. Balanced anesthesia was provided through the continuous intravenous infusion of propofol at a rate of 6 mg/kg/hr, and simultaneous inhalational anesthesia was provided with nitrous oxide and oxygen (70%:30%) and 1 to 3 Vol% Isoflurane. A positive end-expiratory pressure of 5 mmHg was applied to prevent pulmonary atelectasis. A single dose of buprenorphine (0.01 mg/kg intramuscularly) was given for analgesia. Fluid losses were replaced with intravenous Ringer's lactate solution. A modified Nehb lead electrocardiogram was used for cardiac monitoring. Endtidal C0 2 measurement (capnograph, Datex Ohmeda, Helsinki, Finland) and pulse oximetry through a probe on the Ileocolon Segment as Pylorus Replacement in Gö ttingen Minipigs tail were continuously performed to ensure adequate ventilation and oxygenation. At the end of the surgical procedure, the pigs were extubated after full reinstitution of the spontaneous ventilation and closely observed until they were fully awake.
Surgical Technique
All animals in the three groups underwent a midline laparotomy extending from below the xiphoid process to the pubis. Immediately after the abdominal cavity was entered, a catheter (cystofix) was inserted into the bladder. Pigs in Group 3 (i.e., controls), had the bladder catheter removed and the abdominal wall closed in layers. Pigs in Groups 1 and 2 underwent a standardized partial gastrectomy. The distal stomach was removed from a point 10 cm beyond the esophagogastric junction on the lesser curvature and 3 cm below the gastric diverticula -a constant anatomical structure in minipigs.
Reconstruction Group 1: Roux-en-Y
The second jejunal loop was divided with a GIA stapler (Autosuture) and the distal end inverted with a Maxon 5 to 0 suture ( Fig. 1 ). An end to side gastrojejunostomy was performed with an extramucosal running suture (Maxon 6 -0). All anastomoses either for the Roux-en-Y reconstruction or the ileocolon interposition were sewn with a pair of magnifying glasses to improve the quality of the suture line in the extremely thin-walled minipig small bowel. At a point 50 cm distal to the gastrojejunostomy, the proximal end of jejunum was anastomosed end to side to the Roux-en-Y limb.
Reconstruction Group 2: Ileocolon Interpositional Graft
Terminal ileum and the first 20 cm of the colonic helix (cecum and ascending colon) were isolated and an appendectomy was performed. After transection of the ascending colon (length 12 cm) and ileum (length 6 cm) with GIA staplers, the ileocolonic segment was rotated 180°counterclockwise and upward ( Fig. 1 ). After inverting the end of the ileum with a Maxon 5 to 0 suture, a side-to-end gastroileostomy was performed using a single-layer, transmural running Maxon 6 to 0 suture for the posterior wall and an extramucosal-running suture for the anterior wall. The colon was sewn side to end to the duodenal stump using the same technique, taking care not to injure the choledochus, which is directly in the vicinity of the divided duodenal stump. The oral end of the terminal ileum was anastomosed, with the aboral end of the ascending colon placed side to side using a single-layer extramucosal-running Maxon 6 to 0 suture.
Group 3 Animals Served as Controls and had a Sham Laparotomy
Postoperative Care and Clinical Monitoring
All catheters were removed immediately after extubation. For the first postoperative night, pigs were held in single cages at the University's facility for large animal research. They had been fasting for 12 hours postoperatively, with immediate free access to water. From the first day up to the endpoint of the study (7 months), pigs resided at a special farm for research animals (Roche, Kaiseraugst, Switzerland). The animals were kept alone during the first 4 postoperative weeks (room size 6.48 m 2 , room temperature 22°C, humidity 40 -50%, infrared lamps, and no straw or sawdust on the floor). Rectal temperature was measured daily, a clinical examination was performed (veterinarian and surgeon), and vomiting and bowel movements were recorded. All animals were weighed once weekly and individually fed. In order to minimize meal size, the daily rations were divided into four portions during the first 4 weeks. Initially, soft feed was given in the form of Hill's Prescription Diet a/d canned feed. This was then followed by the more voluminous Hill's Science Plan Canine Performance soft feed, and then by the standard dry pellet feed, Kliba Minipig 3000. 8
Scintigraphic Measurement of Gastric Transit
Using a noninvasive scintigraphic method developed at the Mayo Clinic, 9, 10 gastric emptying was measured 3 and 6 months postoperatively. Polystyrene Amberlite 410 resin pellets (average diameter 1mm; range 0.5-1.8 mm) were labeled with 3 mCi of 99mTechnetium (99mTc). The efficiency of the labeling has been shown to exceed 98%, as judged by thin layer chromatography. 9 A standardized meal (two Hill's Prescription Diet a/d canned feed: energy 4.13-4.47 MJ/kg; proteins 10.5%; lipids 6.6%; crue fibers 0.3%; Ca ϩϩ 0.24%; Na ϩ 0.18%) was mixed with the 99mTclabeled pellets and given to the pigs who had been fasting for the previous 12 hours. 11 Using a large field-of-view gamma camera with a medium-energy, parallel-hole collimator, imaging began immediately after the radiolabeled meal had been completely ingested. Lateral images from both sides were made while the conscious animals stood erect in a sling. For the 99mTc counts, a 140 keV energy window was utilized. For each image, 2 minutes of acquisition were selected. Using variable regions of interest, the amount of radioactivity in the stomach was evaluated. The geometric means of the counts obtained from both lateral images were calculated for each region and then corrected for radionuclide decay. 9 In order to improve our anatomical knowledge of a normal minipig stomach and the shape of the different reconstruction procedures, we performed gastric contrast (contrast medium 100 mL Omnipaque) studies on one animal from each group 2 months postoperatively and related them to scintigraphic pictures. These contrast studies greatly facilitated evaluation of the various regions of interest. Gastric emptying was assessed like in human by the gastric lag time and poslag emptying rate as well as the half emptying time (t50 ϭ the time required for 50% of the radiolabel to empty from the stomach). The gastric lag time (in minutes) was the time required for 10% of the radiolabel to empty from the stomach. 11 The gastric postlag emptying rate (percent per minute) was characterized as the slope estimated by the linear regression analysis of the data points from the first point beyond the lag time up to the time when 90% of the radiolabel had emptied from the stomach. 9
Glucose Tolerance Test
A glucose tolerance was performed 3 and 6 months postoperatively. Pigs fasting for 12 hours were fed 75 g glucose dissolved in 0.3 liters water. Blood sugar levels were measured in conscious animals before and at 30, 60, 90, and 120 minutes after the glucose intake using Glucotrend equipment (glucose dye oxidoreductase mediator reaction; Boehringer Mannheim GmbH). After 6 months we also performed a glucose tolerance test for solids. Seventyfive g glucose was mixed with two cans of Hill's prescription diet Canine/Feline a/d. Physiologically, miniature swine have a lower fasting glucose level (A2.9-3.2 mmol/ L) 12,13 than humans.
Statistical Analysis
Most data were expressed as means Ϯ SE. ANOVA was used to compare gastric emptying rates and glucose levels in between each group. Gastric transit data were expressed as medians (with 95% confidence intervals) and by Box-Whisker plots showing the median, the interquartile, and the total ranges. Significance was considered to be P Ͻ .05. SPSS 8.0 for Windows served as the computerized statistical analysis package.
RESULTS
Operative Procedures and Intraoperative Complications
In this study the two reconstructive procedures were performed in equal numbers with 20 minipigs. An equal group of 10 pigs (sham laparotomy) served as controls. The operation times were shorter in pigs with a Roux-en-Y reconstruction (mean, 183 Ϯ 9 minutes; range 150 -225 minutes) than in pigs with an ileocolon interpositional graft (mean 246 Ϯ 8 minutes; range 200 -290 minutes; P ϭ n.s.). All animals survived the operation. One intraoperative complication occurred in each group. Lacerations of the spleen required a splenectomy in these two pigs. There were no complications related to general anesthesia.
Body Weight
All animals were fed individually with the same amount of fodder per feed per day. The daily amount of feed followed the advice of the breeder for healthy animals of the same age. During the first 4 postoperative weeks the ileocolon group lost less weight than the Roux-en-Y group while. From the fifth postoperative week on, there was no statistically significant difference (P ϭ .659) regarding weight development between the three groups. Surprisingly, even the control group gained no more weight than the other two.
Glucose Tolerance Test
In all three groups the fasting glucose levels ranged from 2.4 to 2.7 mmol/L Figure 2a shows the glucose tolerance curve at 3 months and its respective normalized area under the curve (AUC) is shown as a boxplot figure (Fig. 3a) . The maximum peak was 8.2 (Ϯ1.26) mmol/L in the Roux-en-Y group, 7.4 (Ϯ1.03) in the ileocolon group and the control animals reached a maximum of 4.1 (Ϯ0.24) mmol/L. At 3 months, there was a tendency in the ileocolon group towards the normal curve, although there was still a significant difference (P ϭ .043) between the two groups. At 6 months the difference between the glucose concentration curves in the ileocolon group and the control group was no longer statistically significant (P ϭ .97) (Fig. 2b,3b) . The Roux-en-Y group, however, had significantly higher concentrations at each time measured compared with the controls (P ϭ .049).
Gastric Emptying Rates
The lag phase for semi-solid meals, the gastric emptying rate, and the half-time for gastric emptying were significantly different among the three groups 3 months after the operation (Fig. 4a ). Gastric emptying curves showed a significant difference between the three groups after 3 months (Roux-enY vs. Ileocolon, P Ͻ .001; Roux-en-Y vs. Sham, P Ͻ .001; Ileocolon vs. Sham, P ϭ .012). Conversely, at 6 months postoperatively there was no statistically significant difference between the ileocolon and sham groups (P ϭ .067) (Fig. 4b, Table 1 ), while we still found a difference between the Roux-en Y group compared with the other two groups (P Ͻ .001, respectively).
DISCUSSION
Few reports are found in the literature concerning survival experiments on minipigs after major gastric resection with any type of reconstruction. Although the anatomy and physiology of the gastrointestinal tract of pigs are very similar to humans, early reports of survival experiments were not very encouraging. 14, 15 In contrast to these previous experiences, all our animals survived the operation. A selfdeveloped feeding regimen facilitated early postoperative nutrition. 8 Our study demonstrates that the ileocecal valve acting as a neopylorus may normalize gastric emptying rates. Three months after the operation we noticed marked differences between the three groups. The Roux-en Y group showed the most rapid emptying for solids. At the same time, there was still a significant difference between ileocecal and the sham laparotomy groups, with accelerated gastric emptying dynamics in the ileocecal group. At 6 months this difference had disappeared. The changes seen in the glucose tolerance curves in the three groups mirror the changes seen in the emptying of liquid feeds in the same groups. The glucose tolerance test is considered to be an indirect measure of gastric emptying of liquids and the curves suggest a significant difference between the three treatments. 16 Three months after the operation, the glucose tolerance curves in the ileocolon group were not significantly different from the Roux-en-Y-group. After 6 months, however, there was a definite trend toward a normalization of the glucose tolerance curve for the ileocolon group, while a marked differ-ence was seen between the Roux-en-Y and the control group. Those differences may represent important changes in the gastric emptying of liquids. We cannot exclude hormonal mechanisms for these differences. The exclusion of the duodenum from the physiologic chyme flow after a Roux-en-Y procedure may interfere with the release of classical gastrointestinal incretin hormones such as gastric inhibitory polypeptide (GIP) and GLP-1. 17, 18 An adequate release of incretin hormones is necessary for a full insulin response after oral glucose. We did not measure GIP or GLP-1 concentrations in this study.
Normal gastric emptying is usually not associated with dumping symptoms. Most patients with dumping symptoms exhibit abnormally rapid gastric emptying. Galil et al. 19 examined 102 patients who were referred with the dumping syndrome. Gastric emptying was shown to be very rapid or biphasic, with a rapid early component in 85 (79%) patients, normal in 14 (13%), and abnormally slow in 8 (7%) patients. There is some evidence that the quality of life of gastrectomized patients correlates closely with the emptying time of the gastric substitute. Some data suggest that delayed pouch emptying rates result in a better quality of life. 20 Furthermore, it has been shown that postoperative weight loss after a Roux-en-Y reconstruction is inversely related to the orocecal transit. 21 The cause of malabsorption was assumed to be due to rapid intestinal transit and bacterial overgrowth.
In the current literature we found only one contribution (by Toubanakis et al.) where the ileocecal valve was used to replace the missing pyloric sphincter in 13 dogs. 22 After a partial gastrectomy, they interposed an ileocecal segment between the remaining stomach and duodenum using the same technique as ours. Only the length of the ileum segment differed. While we chose a very short ileum segment (maximum 8 cm) to minimize the disturbance to the absorption capacity of the remaining terminal ileum, they chose a length of 10 to 20 cm. They measured the intraileal and intracolic pressures in all animals before and following this transposition using a water manometer. After a follow-up time of 4 to 6 months, as in our study, they repeated the manometric measurements on both sides of the transposed ileocecal valve. Radiographic and fluoroscopic studies were used to assess gastric emptying times and motility. The nutritional status was evaluated using hematological and biochemical tests. All animals survived the operation. Apart from a slight reduction in serum B12 levels, all the hematological, biochemical, and liver function tests remained normal. Histologic examination of the ileocecal segments showed no abnormality at postmortem. The most impressive finding of this study was that they demonstrated that the sphincter mechanism in the ileocecal valve was preserved in its new location. Preoperatively, the mean intraileal and intracolic pressures were 16 Ϯ 3.8 and 32.8 Ileocolon Segment as Pylorus Replacement in Gö ttingen Minipigs were found to be similar to what existed before replacement of the pyloric sphincter. Furthermore, no reflux of duodenal contents was observed in any animal. They concluded as we did that the ileocecal valve interposed between the stomach and duodenum preserves it's function and succeeds in replacing the missing pylorus. The procedure serves two purposes: 1) inhibition of gastric emptying; and 2) inhibition of duodenal reflux. Conversely, the same author used the isolated pylorus with a 3 cm segment of the duodenum to fashion a permanent ileostomy and to successfully overcome the problems of watery diarrhea. 23 The ileocolic sphincter has been transplanted to the neck after a total laryngopharyngectomy in 12 mongrel dogs. 24, 25 It was used to create a mechanical barrier to food, and to prevent tracheal aspiration. Interestingly, electromanometric measurements showed that the ileocolic sphincter pressure amplitude, length, and resistance to intracecal pressure increase were maintained, despite changes in the anatomical ; Sham operation (n ϭ 10). Each group was assessed 3 and 6 months after the operation. No statistical significant difference in each group after 3 or 6 months (P Ͼ .05). Gastric emptying was significantly faster in the Rouxen-Y group compared with the ileocolon or sham group (see Table 1 ). relations and physiologic conditions of the ileocolon segment. It has also been shown that the ileocecal sphincter can act as an effective antireflux mechanism when replacing an orthotopic neobladder. 26 An ileocecal segment was used to replace the bladder in 65 patients, and a long-term follow-up (up to 13 years) confirmed the functional validity of this sphincter mechanism. The preoperative renal function was unchanged in all the subjects after the procedure. As far as we know, the excised pyloric sphincter after a distal gastrectomy has never been replaced with the ileocecal valve in humans. However, we do have some clinical experience of replacing the whole stomach after gastrectomy using an ileocecal segment and we have recently published the promising results. 27, 28 Larger studies from Japan have confirmed our findings. 29 Eloff et al. described a new technique creating a neopylorus to act as a functioning reflux-free gastroenteral anastomosis. 30 They reported a consecutive series of 84 patients who underwent partial gastrectomy. A functioning surrogate neopylorus was made using a pantaloon jejunoplastic pouch into which the gastrojejunal stoma was invaginated. The patient satisfaction was excellent and they did not suffer from enterogastric reflux, the dumping syndrome, gastritis, or impaired digestion. Iminodiacetic acid derivative (HIDA) scanning on 31 consecutive patients showed that the neopylorus prevented enterogastric reflux effectively.
One would expect that excising an ileocolon segment and using it as a pylorus substitute would alter small and large bowel transit because the terminal ileum is known to have regulatory function on gastric emptying. This phenomenon is known as the "ileal brake." 31, 32 Nutrients in the intact ileum inhibit gastric emptying and bowel transit. This mechanism can be experimentally activated by intraluminal infusion of lipids, proteins, or carbohydrates into the ileum. [32] [33] [34] It would be anticipated that the lack of intraluminal stimulation of the ileal brake would alter gastrointestinal transit. However, our group has shown that an ileocolon segment transposition does not alter whole gut transit in humans. 35 In summary, the present results, along with the information available from literature, suggest that clinical problems associated with gastric resections can be overcome with specific reconstruction procedures.
Our new technique may be used initially to reduce postoperative dumping after partial gastrectomy or for treatment of severe dumping symptoms that have not responded to conservative measures.
